Regulation of nuclear transport is a key cellular function involved in many central processes, such as gene expression regulation and signal transduction. Rates of protein movement between cellular compartments can be measured by FRAP. However, no standard and reliable methods to calculate transport rates exist. Here we introduce a method to extract import and export rates, suitable for noisy single cell data. This method consists of microscope procedures, routines for data processing, an ODE model to fit to the data, and algorithms for parameter optimization and error estimation.
Introduction
Regulation of nuclear transport is a key cellular function involved in many central processes, such as gene expression regulation and signal transduction. Localization of a protein to the nucleus has some obvious consequences. For signaling proteins, compartmentalization can improve signal transduction efficiency and specificity by raising its local concentration, and by helping it to interact with its targets. For transcription factors, localization to or out of the nucleus has been shown repeatedly as a mechanism for regulation of the gene expression (Görner et al., 1999; Komeili and O'Shea, 2000; Lee and Hannink, 2003; Chu et al., 2007; Poon and Jans, 2005; O'Brate and Giannakakou, 2003) . These regulatory opportunities are given only by the differential localization of proteins. There are, however, more subtle properties of nuclear transport. Nuclear localization of a protein may be achieved by static or dynamic mechanisms. That is, the protein maybe trapped in the nucleus (due to binding to other macromolecules or simply because it is not exported), or it might shuttle continuously between the nucleus and the cytosol with faster import than export (Chu et al., 2007) . The functional relevance of this difference becomes clear if we consider that the protein might suffer modifications in one compartment that affect its function in the other compartment.
Molecules exchange between the nucleus and the cytosol occurs through nuclear pore complexes (NPCs), which are 66 MDa complexes embedded in the nuclear envelope. The yeast nuclear pore is composed of 30 different nucleoporines (nups) (Rout et al., 2000) . Passage of material can occur in two ways: passive diffusion for small molecules (up to 40 kDa (Paine and Scherr, 1975) or 5 nm diameter (Yang and Musser, 2006; Mohr et al., 2009) ,or facilitated translocation for bigger species (Ribbeck and Gorlich, 2001) . In contrast to passive diffusion, facilitated transport is coupled to the transport of the small GTPase Ran, enabling net movement of cargoes against their chemical gradient through the dissipation of the primary gradient of Ran--GTP. Facilitated translocation requires specific interactions between the translocating species and constituents of the NPC and is therefore a highly selective and regulated process.
The superfamily of importin Beta--related factors constitutes the best--characterized class of nuclear factors so far. According to the direction in which they carry a cargo, they can be classified as importins or exportins. The cargo--receptor interactions are controlled by the Ran--GTP gradient across the nuclear envelope. Importins bind cargoes at low Ran--GTP levels in the cytoplasm and release their cargo at high Ran--GTP concentrations into the nucleus. Exportins do the opposite (Becskei and Mattaj, 2005) .
Many models of nuclear pores have been proposed (reviewed in (Kahms et al., 2011) ). Most of them consider that the selectivity of the NPC depends on the FG--repeat domains of the nups. These are naturally unfolded phenylalanine --glycine rich domains that are present in almost 30% of the nups. The conformation of the FG domains in vivo, their arrangement in relation to the transport channel and their consequences for transport are still in discussion and more functional data regarding the mechanism of the NPC is needed.
Understanding of the complex and highly dynamic processes that take place inside cells, and discerning between different models for these processes, such as regulation of protein localization and NPC structure, requires computational methods that integrate quantitative measurements with mathematical models. Accurate experimentally determined rate constants are crucial to build and test such models. Nuclear import rates have been estimated in in vitro essays. In some of these essays, the plasma membrane is first permeabilized, then transport factors and fluorescently--labeled cargoes are added, and the increase in fluorescence in the nucleus is measured over time (Yang et al., 2004; Ribbeck and Gorlich, 2001) or nuclear transport rates are measured in single--molecule experiments performed by narrow--field microscopy (Kubitscheck et al., 2005; Yang et al., 2004) . Import rates have also been determined for Xenopus oocytes using nuclear membranes or isolated intact nuclei Siebrasse and Peters, 2002) . Although very valuable, all of these experiments rely on the use of cells with altered cytoplasms where the transport machinery is externally added, and, in addition, do not allow the determination of export rates. An in vivo essay for estimation of import rates is based in the microinjection of labeled cargoes into intact cells (Riddick and Macara, 2005) . However, this method uses external cargoes and is not suited for all types of cells, since microinjection of small cells is very difficult. Another assay for the determination of import rates in living cells, developed in yeast, is based on measuring the relaxation of the system after a perturbation . In cells with a fluorescently tagged protein, transport is stopped by the addition of metabolic energy poisons, which dissipate the RanGTP gradient. Then, these blockers are washed, and nuclear fluorescence is quantified, as the gradient is re--established. This method has the disadvantage that the use of an energy poison is a very strong, non--specific alteration of the cellular homeostasis.
Transport between cellular compartments in vivo can be studied using the techniques known as fluorescence recovery after photobleaching (FRAP) and fluorescence loss in photobleaching (FLIP). In both approaches a perturbation is introduced by bleaching a small area of a cell expressing a fluorescent protein. In FRAP, the bleached region is monitored as unbleached molecules move into it, resulting in an increase (recovery) of the fluorescence level. In FLIP, another--unbleached--, region is monitored, as its fluorophores are exchanged by bleached fluorophores moving from the bleached region, resulting in a reduction (loss) of the initial fluorescence level. The data obtained with these experiments is usually fitted to an exponential curve that does not immediately inform about the more biologically meaningful import and export rates. Actual transport rates have been determined in intact cells, but only for over--expressed cargoes (Cardarelli et al., 2009 (Cardarelli et al., , 2011 Bizzarri et al., 2012) , or under assumptions that are not valid for every system, such as infinite size cytosol (Gregor et al., 2007) , or equilibrium between compartments (Pfeifer et al., 2010) . Furthermore, with the exception of a few recent publications Pfeifer et al., 2010; Cardarelli et al., 2009 Cardarelli et al., , 2011 , all published data we found corresponds to population averages (see for example (Sprague and McNally, 2005; Fonseca et al., 2012; Huranová et al., 2010; Sekiya et al., 2009; Rino et al., 2008; Molenaar et al., 2004; Shav--Tal et al., 2004) ) .
One of the most important developments in cell biology during the last decade has been the increased focus on single cells. Cell--to--cell variability plays an important role in cell fate decisions. Thus, to achieve a system--level understanding of cellular function it is essential to have quantitative measurements of dynamic processes in single cells. Remarkably, several single cells studies have revealed that single -cell behavior differs substantially from what was originally inferred from previous population studies and identified non-genetic sources of cellular heterogeneity (Spencer et al., 2009; Colman--Lerner et al., 2005) . Therefore, inclusion of cell--to--cell variability is a natural next step for kinetic modeling.
Herein, we present a new approach to the analysis of FRAPs, focused on determining kinetic parameters for single yeast cells. We show that the noisy nature of single cell determinations can be surmounted by performing series instead of single FRAPs on the same cell. Furthermore, our model analysis and experimental investigations demonstrated that a two--dimensional ODE--based model is sufficiently realistic to describe such a series of FRAPs accurately, and that it yields reliable parameters. Using this method, we found large cell--to--cell variation in nuclear transport rates for YFP, revealing that the number and or quality of nuclear pores might be a hitherto unsuspected source of functional cellular heterogeneity.
Results

Nuclear transport rates determination
To determine accurately the nuclear transport rates in single cells we needed (i) a kinetic model to fit to the data that represented our knowledge of the system, with parameters that were both identifiable and related to the kinetic transport rates, (ii) a microscopy protocol to obtain high quality FRAP data, (iii) an algorithm for quantification, correction and processing of images, (iv) an optimization algorithm to find the best fit, and (v) a method for the estimation of the errors of the fittings.
Model selection
The raw data obtained from any FRAP experiment only indicates whether the protein is shuttling in and out of the bleached region. To extract numbers, one needs a mathematical model to fit to the experimental data. For this purpose, we wrote an ODEs model in which the inward and outward fluxes depend linearly on the nuclear and cytosolic fluorescent protein concentrations. In the model, n is the number of fluorescent molecules in the nucleus, c is the number of fluorescent molecules in the cytosol, kI is the import rate and kEV is the export rate multiplied by the ratio of cytoplasmic and nuclear accessible volumes (the volume through which the molecules can diffuse). With these notations, the model is given by (box 1)
The model (1) depends on a number of assumptions. For instance, it is assumed that the fluxes before the FRAP have reached steady--state. Interestingly, this steady--state assumption means that the linear kinetics follows by necessity (Box 1). Another assumption behind the model is that the cytosol and the nucleus can be considered as well--stirred compartments, and this assumption is supported by three arguments. The first argument is based on photobleaching completely a small area (~0.5 micron diameter) of a given compartment and then imaging the cell to determine how fast the bleached area recovered its original fluorescence level. Both in the nucleus and in the cytosol this time was less than 1 sec, but it took at least 5 sec to reach steady state between compartments ( Fig S1) . The second argument is based on a theoretical approach, where we estimated the time scale for diffusion by dimensional analysis. We calculated the time that it would take a protein to diffuse a given distance "r" as the ratio between r 2 and the diffusion coefficient for that protein. For a small protein like YFP (27 kDa), this calculation gives 5 ms to diffuse 2.5 µm (half the radius of an average yeast cell); for a bigger protein of 86.5 kDa) it would take 50ms, still significantly faster than the estimated transport between compartments. The third argument is based on a comparison of other model--structures, where the cytosol was divided in 2 to 5 concentric shell--like compartments (like layers of an onion) (see sup mat). For none of these models we found a significant improvement on the fits than the simpler model ( Fig SM1) . Thus, taken together, the above arguments suggest that the main assumptions behind the model are reasonable.
Experimental design
In a FRAP protocol most decisions imply tradeoffs: for example, a fast scanning will lead to high time resolution but also to high noise. To define an optimal microscopy protocol, we performed a theoretical analysis in which we simulated data of different characteristics and then analyzed the accuracy of the fitted rates (see sup mat). We concluded that it is preferable to increase time resolution even at the cost of increasing the noise. However, noise can be problematic when it is high relative to the signal ( Fig S2) . To cope with this problem, we decided to perform several, sequential FRAPs in each nucleus ("trains of FRAPs") ( Fig 1a) . This type of approach reduces the noise without affecting the time resolution. An obvious advantage of performing more than one FRAP is to increase the number repetitions, which we could average (after normalizing) to obtain a FRAP with lower noise. In addition, we reasoned that if we fit trains of FRAPs directly as obtained -as a multiple perturbation FRAP--instead of averaging, we could have the extra advantage of decreasing the interdependence of the measured variables (i.e. nuclear and cytosolic amounts of fluorescent proteins). This is because after each individual FRAP in the train, the total amount of fluorescent proteins available for the next FRAP would change independently (n and c in the above analysis). To test these ideas we simulated data of trains of 1 to 5 FRAPs, using a range of realistic parameters and added different levels of white noise. We used additive noise because it is what we expect from the microscope data (Gordon et al., 2007) . We fitted this simulated, noisy, data as described below for the experimental data. As expected, increasing the number of FRAPs improves the parameter accuracy when the data is noisy. Notably, trains of only 4 FRAPs resulted in parameter fits consistently close to the true value with signal to noise ratios as low as 5 (Fig 1b) . Interestingly, for every noise level tested, the biggest improvement was obtained by doing trains of two FRAPs instead of one. Finally, we tested whether fitting the non--normalized train of FRAPs data had an advantage over fitting the average of the normalized FRAPs and found that this is slightly better (Fig 1c) .
Parameters optimization and evaluation
We fitted the simulations to the data by finding those parameters that minimize the deviations between data and simulations (Materials and Methods). In Figure 2 , we illustrate the different parts of the process, based on data from one of the cells. In Fig 2a, we show the first FRAP of a typical four FRAP experiment. For the parameter optimization, we used a chi--square cost function and established a threshold (p=0.95 and two degrees of freedom in an inverse chi--squared test) for the cost under which all parameter pairs were "acceptable" (red points in Fig 2b) . For the shown cell, the best values of kEV and kI were 0.412 s --1 and kI 0.035 s --1 ,, respectively (blue diamond in Fig 2b and blue line in Fig 2c) . Next, we tested whether the amount and quality of the experimental data were enough for the two parameters to be identifiable (i.e., if they could be determined independently from each other with finite errors). We performed this analysis by exploiting the likelihood profile, and found that the parameters were identifiable (Fig 2d) . This method also gave us confidence intervals for the parameters, which were around 10% of the value (Fig 2d) .
Passive transport rates in single cells
We determined the rate of diffusion across the pores for YFP in single yeast cells using the method presented above. In these measurements, we wanted to minimize potential variation due to the cell cycle, but, at the same time, we wanted to avoid the interventions required to synchronize cultures. Consequently, we restricted our measurements to cells passing the first part of G1, operationally defined by the localization of two marker proteins. First, we marked the actomyosin ring, which disappears when cells complete cytokinesis, tagging one of its components, Myo1, with mCherry. Second, we marked late M/early G1 nuclei transforming cells with a plasmid containing a CFP--Ace2 fusion controlled by its own promoter. The transcription factor Ace2 translocates to the nucleus at the end of mitosis and remains nuclear during early G1 (Dohrmann et al., 1992; Colman--Lerner et al., 2001; Weiss et al., 2002) . For all measurements, we used cells with nuclear Ace2 and no visible actomyosin ring.
Since YFP does not interact with any importin or exportin and it is small enough to diffuse passively through the nuclear pores, its import and export should have the same rate. We found that in the strain BY4741 this rate was, on average, 0.12 sec --1 (Figure 3a) . We obtained similar values in another commonly used yeast strain, W303 (Figure 3b ). This value means that if a protein has an abundance of 2460 (the mode of protein abundance in budding yeast estimated by Wagner et al ( 2005)), approximately 295 molecules of this protein will enter (and leave) the nucleus per second.
Interestingly, we found a rather large cell--to--cell variation in the transport rate for YFP (CV=0.93) (Figure 3a --b and Figure S3 --with individual fits). Since YFP passage through the NPC does not require binding to any factors, cell to cell variation in this rate most likely reflects cell to cell differences in the number of NPCs or in their quality (allowing more or less diffusion of YFP). We studied the relationship between the initial fluorescence concentration and our fitted parameters and found, as expected for a freely diffusing molecule, that the rates do not correlate with total YFP fluorescence (Figure 3c ).
Cytosol--nucleosol diffusion--available volumes ratio (V)
From the FRAP analysis we obtained the parameter kEV, the export rate multiplied by V, the ratio of the diffusion accessible volumes of the cytosol and the nucleosol. Thus, in general, to determine export rates, one needs to determine V. This value is of interest in itself, and it should be different from the ratio of the cytoplasm to the nucleus volume, since not all of the cytoplasmic and nuclear volumes are available for diffusion, due to the presence of organelles, macromolecules and chromatin, and, in general, other cellular material that occupies space. Because, as explained above, import and export rates for YFP should be the same, V is just the ratio between the kEV and kI values obtained from the fitting of the FRAP experiments using untagged YFP. Our results indicate an average V of 4.77 and a CV of 0.20 ( Figure 4) ; that is, the effective volume in the cytosol available for diffusion in 4.77 times larger than that volume in the nucleosol. This value is noteworthy, since the nucleus is approximately 14 times smaller than the cell, as determined using geometrical considerations only (Jorgensen et al., 2007) . We wondered whether this proportion between the nucleosol and cytosol volumes could depend on the strain background, so we performed the same measurement in a W303 strain, and obtained remarkably similar values (Figure 4 ). This is expected in the light of previous studies (Webster et al., 2010; Jorgensen et al., 2007) that reported that the geometrically determined nucleus/cell volumes ratio is constant in various circumstances. Also in agreement with these studies, we found no correlation between V and cell size ( Figure S4 ).
Discussion
Here we presented a method to extract nuclear import and export rates that is suitable even from noisy single cell data. This method, based on the FRAP technique, consists of microscope procedures, routines for data processing, an ODE model to fit to the data, and algorithms for parameter optimization and error estimation. The results revealed large differences among cells in the fluxes in and out of their nuclei. We attribute this variability to differences in the number and/or quality of the nuclear pores. This is an unforeseen source of cell--to--cell variability, which might impact on several cellular processes that required directly or indirectly communication between these compartments.
Using FRAP to measure transport rates FRAP experiments are usually analyzed by measuring fluorescence in the photobleached area, averaging data over several experiments, followed by fitting this average to a mathematical model--often just an exponential decay function--(for example, (Stevenson et al., 1995; Sprague and McNally, 2005; Fonseca et al., 2012; Huranová et al., 2010; Sekiya et al., 2009; Rino et al., 2008; Molenaar et al., 2004; Shav--Tal et al., 2004) ). This approach is relatively simple and fast and might be sufficient for many purposes, but it does not take full advantage of a FRAP experiment. First, by measuring only the photobleached area, valuable data of the rest of the cell is lost. As we show here, by incorporating it into the mathematical model, this data may be used in the analysis. In addition, the bleached area is often small and thus the measurements are noisy. Second, averaging cells discards all single cell information and implicitly assumes that the "average cell" is representative of the population, which is often not the case (for example, (Novick and Weiner, 1957; Ferrell and Machleder, 1998) ).Thus, this assumption could lead to erroneous results. Finally, fitting the data to an exponential curve gives only one parameter (the time constant tau) when, as illustrated here, it is possible to extract two well--defined and biologically meaningful parameters.
We showed that a simple two--parameter model maybe used to describe the data accurately independently of the transport mechanism of the studied protein. More complex models that include a more detailed mechanistic description of the transport process could certainly be correct, but they will likely have parameter identifiability problems.
We rationally designed an experimental protocol that in our case resulted in high quality data (good enough to obtain well determined parameters) even with signal to noise ratios as low as 5. Two main conclusions from our study leading to the final protocol design were responsible for the improvement in results: an increase in the time resolution --at the cost of noisier data--, and the use of more than one FRAP in each cell. In addition, we performed several the microscopy--related controls that led to corrections on the data, including imaging photobleaching and reversible photobleaching, often neglected but that may have significant effects on the results. In our case, reversed photobleaching was minimal, but the imaging photobleaching was significant. Remarkably, we found that photobleaching reversibility is impaired in paraformaldehyde--fixed cells and thus should not be studied in this condition, as it is usually done (Carrero et al., 2003) .
For the optimization of parameters, we implemented a chi--square cost function that allows the statistical evaluation of the significance of the fittings. We have analyzed the identifiability of our parameters and found confidence intervals for them exploiting the likelihood profile analysis.
Nuclear transport rates and parameter interpretation
Using this method we calculated nuclear transport rates of fluorescent proteins in vivo and in single cells, kI and kE, as well as the ratio between the cytosol and the nucleosol, V. This is the ratio of volumes not occupied by organelles or macromolecules that is effectively available to the studied proteins. This number is needed in any mathematical model that includes these two compartments and it would be very difficult to measure by other methods. According to our data V is on average 4.8. Our result obtained by the FRAP method is consistent with our estimate based on the volume occupied by several organelles as determined using soft X ray microscopy (Uchida et al., 2011) . Not including the ER and large macromolecules complexes, this calculation results in a ratio of approximately 8. Also, our number agrees well with electron microscopy based estimations of the nuclear volume/ cell volume of 6.25 (Webster et al., 2010) .
A conclusion regarding our measurements of the transport rates is that the translocation through the nuclear pores is significantly slower than expected from previous in vitro essays (maximal capacity). The rates of transport determined by us are in the order of 0.1 sec --1 . This number means that, if there are 1000 molecules of a given protein X in the cytosol (approximately 1 µM), and we assume that there are 86 nuclear pore complexes (Winey et al., 1997) , then only 1.5 molecules of X are imported to the nucleus per second per pore. Our results are entirely compatible with the estimations of 3.3 molecules of GFP exported per pore per second for a 1 µM gradient across the nuclear envelope in isolated oocytes nuclei (Siebrasse and Peters, 2002) , the 0.18 NLS--GFP molecules imported NPC--1 sec--1per pore per second in yeast nuclei , the approximately 1 for GGNLS (Nemergut and Macara, 2000) in HeLa cells, and the 2 for GFP per pore per second for a 1 µM gradient also in HeLa cells (Ribbeck and Gorlich, 2001) . Remarkably, even though these studies were performed in different cells, the numbers agree. Nevertheless, comparison between them is complicated because of the different experimental conditions. If the transport rates prove to be so similar, this would imply that NPC permeability has been strongly conserved. Also, some of these measurements were done in permeabilized HeLa cells. These conditions are different to ours because they used very high concentrations of the studied transport cargo and most of the other cargoes were removed. In a functioning cell, it is expected that various transport pathways will compete with each other for the binding sites at the NPC. Therefore, removing other cargoes should boost the transport of the studied cargo. As a consequence, it would be expected that the in vitro assays would result in higher transport rates. Again, standard measurements are needed, but if this proved to be true would undermine the idea of competition for the passive transport.
Cell--to--cell variations in nuclear transport
We found large cell--to--cell variation on the transport rates for YFP. Since YFP passes passively through the nuclear pores, in principle this large variability could be due to significant cell--to--cell differences in the number of nuclear pores or in their permeability.
The number of NPC per cell has been counted by Winey et al --using the same strain and cell cycle position than we used --to be 86 +--16 (CV=0.19, ten cells) (Winey et al., 1997) . This CV is too small to account for the variability we found, CV = 0.96. Thus, we suspect that that the number of nuclear pores only contributes with a small part of the cell--to--cell variation observed, and we thus speculate that there must be a big variability in the permeability of the pores. Independently from the molecular source, this huge variability in nuclear transport capacity might affect the transport of every molecule and could have physiological consequences
In conclusion, we presented a method for the determination of import and export rates in single cells that can be applied to a wide range of systems in a standardized fashion. We believe that our results complement others on the study of nuclear transport. We showed that the number of translocations per NPC and per sec in live cells in normal conditions are lower than expected from in vitro studies, probably due to competition between different cargoes. Also, we found that populations exhibit large variability in nuclear transport rates. We hope these results will stimulate future studies on single cells kinetics.
Materials and Methods
Strains and plasmids
We performed general molecular biology procedures, yeast strain manipulation and construction according to previously established methods (Ausubel et al, 1987 (Ausubel et al, --2006 Guthrie & Fink, 1991) All strains generated and used in this study are listed in Table 1 . Tagging of Myo1 with mCherry was performed by homologous recombination by transforming the appropriate strains with a PCR fragment containing mCherry followed by a hygromycin resistance cassette, flanked by 40 nucleotides of homology with the end of the MYO1 ORF (except the STOP codon) on its 5' end and the region of the 3' UTR from +50 to +90. We used as template for this PCR plasmid Pry2 2060.1 Hyg (Table 2) with the following primers:
Myo1--mCherry--for: (AAATATTGATAGTAACAATGCACAGAGTAAAATTTTCAGTATGGCAACTAGCGGCATGGTT) and
Myo1--mCherry--rev: (GTTAATAATGCATATTCTCATTCTGTATATACAAAACATCATAGGCCACTAGTGGATCTG ).
We selected transformants in plates with YPD plates with hygromycin and confirmed that integration occurred in the right location by visual determination of the presence of the red fluorescent ring at the bud--neck.
All plasmids generated and used in this study are listed in Table 2 .
Cells preparation and microscopy
Yeast cells were prepared for the experiments by growing them at least two consecutive days on selective BSM--TRP,LEU,URA 2% glucose plates. Then yeast from the least grown part of a streak were picked, resuspended in BSM--TRP,LEU,URA2% glucose liquid media and added to a 384--well glass bottom plates (MGB101--1--1--LG, Matrical Biosciences). To prevent cells from moving, we pretreated the wells with concanavalin A (type V; Sigma--Aldrich, St. Louis, MO). To do this, we added to each well 50 ul of a 100 mg/ml solution of concanavalin A in water, incubated at least for 20 min at room temperature (18-23 1C), and then washed 2 times with water. Cells were allowed to settle on the plate for 10--20 min and then we removed the supernatant and added 50 µl of fresh selective medium.
To acquire images we used an Olimpus IX--81 inverted microscope with a FV1000 confocal module with an oil immersion Olympus UplanSapo 63X objective (numerical aperture, NA 1.35). For the experiments we used an automatic z--axis control, a motorized x--y stage, a 458--488--515 argon and a 543 He--Ne lasers, and Hamamatsu R6353 photomultipliers (PMTs).
For a detailed description of the protocols for image acquisition, data correction and fitting, see the supplementary materials.
Box 1--a linear model follows from the assumption of initial steady--state Let N be the total number of molecules in the cell, both fluorescent and bleached, of our protein of interest. Let Nc denote the cytosolic fraction, and Nn the nuclear fraction. At steady state these fractions remain constant so that the flux of molecules leaving the cytosol and entering the nucleus, RI, is constant in time and exactly as big as the flux of molecules leaving the nucleus, RE. Assume that the system is in such a steady state. Let the superscripts b and f denote the fractions of N that are bleached and fluorescent respectively. In other words, R b I denotes the flux of fluorescent molecules that are entering the nucleus. Since a molecule is either bleached or fluorescent, the flux in the direction x, Rx, is the sum of the flux for the bleached and fluorescent fractions respectively, R = R b x+ R f x. Assume that the bleached and fluorescent molecules are equal in all matters except detection, e.g. that they are homogenously mixed in the compartment they occupy, that they have equal affinity for the transporter, whether passive or active, etc. With this assumption it follows that a specific fluorescent molecule in the cytosol is, on average, equally likely to enter the nucleus as another specific non--fluorescent molecule in the cytosol. In other words, the fraction of the fluorescent and non--fluorescent fluxes will be exactly given by the fraction of fluorescent and non--fluorescent molecules in the compartment from which the flux flows. R f I = N f c / Nc, * RI
(2) R f E = N f n / Nn, * RE
(3) Note that (2) (2) and (3), and the second defined the two constants ki and kEV . We name the second constant kEV and not kE since there is an inherent volume ratio between the compartments that enters into the fluxes. Note that eqs. (4) and (5) describe both the linear kinetics of equations in eq. (1), and provide a general formula for how the rate constants in eq (1) should be interpreted based on the original kinetics. Similar formulas for some special cases of kinetics R are derived in the Supplementary material. All in all, without assuming anything behind the kinetics that regulates the import and export of the protein, the dynamics of the bleached and fluorescent fraction can be described by a simple two--compartment model using ordinary mass--action dynamics. Simulation tests showing in another way that this simplification holds can be found in the appendix. End of BOX 1.
Authors contributions
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